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signal includes a loop filter with an input and an output that
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dominant pole placed substantially at or above an upper fre-
quency 1n the frequency range of interest for the loop filter.

11 Claims, 7 Drawing Sheets




US 7,750,731 B2

Sheet 1 of 7

Jul. 6, 2010

U.S. Patent

r——=—=——="7
I
I

26
\

r—————=—"
vm

28
\

30

16'\,, Vi &

FiIG. 14

-
N~ ot
O @ 3
r—- |||||MN||J
_ — o
_ o - _
| ANN, i ]
| \ N
_ < ~ |
_ L0 o |
L e e J
e N
=g gl :=
F——T———————— "
_ -
_ ©
1 £ ——1»
_ N
_ AN
| To T
L_ _ |||||MM||L
O i =
- C
© =

)

4

FilG. 1B



US 7,750,731 B2

Sheet 2 of 7

Jul. 6, 2010

U.S. Patent

n..m_,,._ 2
._-II/O
N N
oY
- 38 S
r— 1T - -== == = " %
l Y, l —
| o N
l $ AN “ _|___
| N N |
l I - |
_ — - |
I -
© g
A
r— - 1T —"=—-—"=-==-=== -1
l 5 l
l l
1 £ ——1
_ N
l oy |
| — |
.ﬂllll_
co
— —
N2
— =
O
S



Vol vy DIA

di1 114

US 7,750,731 B2

_|||||u ||||||| Movda3a
_ T Paz!
_ NO — wN—.
| 19V1S HIMOd — ( 1NdNI
1NdLNQ <« 7 L — _ ONIHOLIMS ANV |« N NIVD + WNS 431714 400
HOLVHYJINOD X B f ATI
261 A 981
» 061 4 ) 28! N 9/1
M v/l 081 ¢l /
2 0L
e
7
= € 'DId
2 —
= T 8|
= 20 =
p—
19V1S YIMO0J - mw_
1Nd1NQ 7 — | - ONIHOLIMS ANY | 431714 007 | N NIVO + ANS | 1NdNI
791 \ ac | moM¢m¢&§oo S 70| 3 - / M9
091 bl
0G| A 0GL /
OF |

U.S. Patent



U.S. Patent

Jul. 6, 2010

Sheet 4 of 7

206
OuUT )

L

-9
|
|
|
|
|
|
d

R e =

146

FEEDBACK

148 ]

™D
o
e
I

\

192

INPUT A—N—'—L\

182
FROM LOOP FILTER
184
FROM FEEDBACK FILTER )

FIG. 64

240

/

186

FIG. 6B

US 7,750,731 B2

T0 LOOP FILTER

10 COMPARATOR



U.S. Patent Jul. 6, 2010 Sheet 5 of 7 US 7,750,731 B2
200
\ VDD
1 - 2606
_I_
+ 262
Vref OR OTHER 20 25[1) L 270
\
HALF LOOP |> /ot
FROM LOOP FILTER /
25; 252
QC L~ 264
272 ~\- 268
FIG. 7 vas
[A(T)] (log)
A
300 ,
[H(0)] | -1
: 304
|
| |
I
| |
| |
| | f-2
: l 308
| |
| |
302~ |
| | |
| £+
NN
’ T N
|
P1 P2 7 fSw/1T ' {log)



US 7,750,731 B2

6 DJH
AONIND3IYL 0437
0¢€
0l 6 g ) 9 G i e Z ) |
m|or
RrAAS
o0l
I~
-
&
>
&
i
7).
—
y—
—
g |
S
=
pu

U.S. Patent



US 7,750,731 B2

[l DIA _
_
— _
19V1S HIMOd A | - LNdN
INdLNo o : INIHOLIMS ANV
T e HOLVHYJINO) X X d00T 47VH HIH10 HO 13IA

: ; \
< ¢lE 0/€
)
Qs
Qs
e
9 9.
= .
~ 0l DIA
g |
< =
= 20

I9VLS HIMOd

1NdLNQ - o . ONIHOLIMS ANV F [« HI1714 dO0T | NIVY + ANS
HOLVHVYJNOD — LNdN
7 N 9G¢
¢GE 4512

0GE

U.S. Patent



US 7,750,731 B2

1

PWM LOOP FILTER WITH MINIMUM
ALIASING ERROR

CROSS REFERENCE TO RELATED
APPLICATION

The present application claims priority to (1.e., 1s a non-
provisional ol) GB Pat. App. No. 0710186.8 entitled “PWM
Loop with Minimum Aliasing Error Property”, and filed May
29, 2007 by Poulsen et al. The aforementioned application 1s
assigned to an entity common hereto, and the entirety of the
alorementioned application 1s incorporated herein by refer-
ence for all purposes.

BACKGROUND OF THE INVENTION

The present invention 1s related to signal amplification, and
in particular to a loop filter for a PWM based amplifier with
mimmum aliasing error.

Various types of electronic amplifiers exist for amplifying
an electrical signal using one or more output devices such as
transistors. Electronic amplifiers are commonly grouped into
several classifications based on how they fundamentally oper-
ate and how they conduct electricity over the different por-
tions of the input cycle. Class A amplifiers have one or more
output transistors that conduct 1n their linear range over the
entire cycle or waveform of the mput signal. The phase
response of a class A amplifier 1s quite linear and produces a
high quality output, but the class A amplifier 1s extremely
inellicient. The output transistors 1n a class A amplifier may
continue to conduct a DC current even 1 the input signal 1s
off. Class B amplifiers have two complementary output tran-
s1stors or sets of output transistors, each of which conducts 1n
the linear range for half of the input cycle and 1s substantially
off for the other half of the mput cycle. A class B amplifier 1s
much more efficient than a class A amplifier, but s susceptible
to crossover distortion when switching from one output tran-
sistor to the other. Because it takes a small but significant
amount of voltage for the output transistors to start conduct-
ing, portions of the input wavetform that have a lower voltage
than this turn-on voltage will not be reproduced faithiully by
the class B amplifier. Class AB amplifiers combine some
teatures of both class A and class B amplifiers in order to
mimmize or eliminate crossover distortion while sacrificing,
some elficiency. The output transistors 1n a class AB amplifier
do not turn off during their mactive phase, but are biased so
that they continue to conduct just enough to remain turned on
during their inactive phase. While frequently used, all of these
amplifier classes that operate 1n their linear ranges for all or
some of the input cycle are relatively inetficient. For example,
the theoretical limit on efficiency 1n these amplifier classes
ranges from a maximum of about 78.5% or /4 down to 25%
or lower elliciencies.

As signal processing techniques have improved, class D
amplifiers have seen increased use. The output transistors 1n
class D amplifiers operate in switching mode, with the tran-
s1stors erther turned on or off 1n their most efficient states. The
input signal 1s encoded or modulated in the switched signal
produced by the output transistors. In one modulation tech-
nique, the mput signal 1s pulse-width modulated by the class
D amplifier. The output signal produced by the class D ampli-
fier has a constant amplitude and frequency, but the width of
cach pulse 1s varied based on the strength of the input signal.
The switching rate establishes a sampling {frequency that 1s
typically many times greater than the frequency of the input
signal 1n order to capture the significant information. The
output signal may be recovered or demodulated by passing 1t
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through a lowpass filter that effectively averages the PWM
signal out. Considered at the switching frequency of the class
D amplifier, the output of the lowpass filter appears to bea DC
signal having an amplitude that i1s proportional to the duty
cycle of the PWM output. Considered at lower frequencies,
the output signal may appear as an analog signal having a
widely varying amplitude, such as with the case of an audio
signal. The class D amplifier 1s an attractive option because it
1s much more efficient than other amplifiers such as class A,
class B or class AB amplifiers. The theoretical maximum
elficiency of a class D amplifier 1s 100%, with actual efficien-
cies of over 90% depending on the application. Class D
amplifiers are therefore used 1n a wide range of applications,
such as audio amplifiers, motor control systems and other
power conversion systems. This efliciency also results in
lower cooling requirements, reducing the size and cost of
cooling fins and housings for the amplifiers.

Many class D amplifier designs, however, suifer from dis-
tortion that limits their use in applications that require a high
quality output such as high end audio amplifiers. A typical
class D amplifier includes a feedback loop that introduces
high frequency residuals into the signal at the PWM switch-
ing frequency. Distortion therefore remains a problem for
class D amplifiers limiting their application 1n applications
requiring a high quality output.

Hence, for at least the aforementioned reasons, there exists
a need 1n the art for a loop filter for a PWM based amplifier
that minimizes distortion from the high frequency modula-
tion.

BRIEF SUMMARY OF THE INVENTION

The present invention 1s related to signal amplification, and
in particular to a loop filter for a PWM based amplifier with
minimum aliasing error.

Some embodiments of the present invention provide appa-
ratuses for filtering an electrical signal. One embodiment of
an apparatus for filtering an electrical signal includes a loop
filter with an mput and an output that applies a transter func-
tion to a signal at the input. The transfer function has substan-
tially no real part. The loop filter has a dominant pole placed
substantially at or above an upper frequency 1n the frequency
range of interest for the loop filter.

Other embodiments of the present invention provide
amplifier circuits. One particular embodiment of an amplifier
circuit includes an adder operable to combine an input signal
and a feedback signal, a loop filter, a comparator operable to
compare an input with a reference voltage, and a switching
power stage. The loop filter has a phase response of substan-
tially —=90 degrees—N*180 degrees, where N 1s an integer
value. The loop filter has a dominant pole placed substantially
at or above an upper frequency in a range of input frequencies
processed by the amplifier circuit. The adder, the loop filter,
the comparator and the switching power stage are connected
between an mput and an output of the amplifier circuit.

Yet other embodiments of the present invention provide
audio devices. One particular embodiment of an audio device
according to the present invention includes an audio source
and a PWM based audio amplifier connected to an output of
the audio source. The PWM based audio amplifier includes a
loop filter having a transfer function in which a real part of the
transier function 1s minimized at and above a switching fre-
quency of the PWM based audio amplifier. The loop filter has
a dominant pole placed substantially at or above an upper
frequency 1n a range of mput frequencies processed by the
amplifier circuit. The PWM based audio amplifier also
includes a comparator operable to compare an mput with a
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reference voltage and a switching power stage. The loop filter,
the comparator and the switching power stage are connected
between an input and an output of the PWM based audio
amplifier circuat.

This summary provides only a general outline of some
embodiments according to the present invention. Many other
objects, features, advantages and other embodiments of the
present invention will become more fully apparent from the
tollowing detailed description, the appended claims and the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

A Turther understanding of the various embodiments of the
present invention may be realized by reference to the figures
which are described 1n remaining portions of the specifica-
tion. In the figures, like reference numerals are used through-
out several drawings to refer to similar components. In some
instances, a sub-label consisting of a lower case letter 1s
associated with a reference numeral to denote one of multiple
similar components. When reference 1s made to a reference
numeral without specification to an existing sub-label, 1t 1s
intended to refer to all such multiple similar components.

FIGS. 1A and 1B are schematic diagrams of passive loop
filters with two poles and one zero and a voltage output
according to two particular embodiments of the imnvention;

FIGS. 2A and 2B are schematic diagrams of passive loop
filters with two poles and one zero and a current output
according to two particular embodiments of the imnvention;

FI1G. 3 1s a schematic diagram of an exemplary PWM based
amplifier with a loop filter with minimum aliasing error that

may employ the voltage or current output passive loop filters
of FIG. 1A, 1B, 2A or 2B;

FI1G. 4 1s a schematic diagram of an exemplary PWM based
amplifier with a loop filter with minimum aliasing error that
may employ the current output passive loop filters of FIG. 2A

or 2B;

FIG. 5 1s a schematic diagram of a feedback filter that may
be used with the PWM based amplifier of FIG. 4;

FIG. 6A 1s a schematic diagram of the contents of the
sum/gain block of FIG. 3 1n one particular embodiment of the
invention;

FIG. 6B 1s a schematic diagram of the contents of the
sum/gain block of FI1G. 4 1n one particular embodiment of the
invention;

FI1G. 7 1s a schematic diagram of the comparator/switching,
power stage of FIGS. 3 and 4 in one particular embodiment of
the invention;

FIG. 8 15 a plot of maximum loop gain for a PWM based
amplifier with a loop filter designed for minimum aliasing
CITor;

FIG. 9 1s a plot of total harmonic distortion (THD) versus
zero frequency with normalized pole and zero frequencies,
for a first normalized pole frequency of 1 and second normal-
1zed pole frequency from 1 to 10;

FIG. 10 1s a schematic diagram of an exemplary amplifier
with a loop filter with minimum aliasing error that may
employ the voltage or current output passive loop filters of
FIG. 1A, 1B, 2A or 2B 1n various particular embodiments of
the 1vention, including a self-oscillating amplifier with an
analog input and an amplifier with a PWM mput; and

FIG. 11 1s a schematic diagram of a PWM based amplifier
with minimum aliasing error with active gain according to
one particular embodiment of the invention where a first pole
and zero are passive and a second pole 1s active.
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4
DETAILED DESCRIPTION OF THE INVENTION

The present invention 1s related to signal amplification, and
in particular to a loop filter for a PWM based amplifier with
minimum aliasing error. The loop filter described herein may
be used 1n a wide range of applications, such as in a PWM
based class D audio power amplifier, or 1n an amplifier for
motor control or power conversion systems, etc. Various
embodiments of a PWM based amplifier with minimum alias-
ing error will be described herein. Generally, however, a
PWM based amplifier contains a comparator that drives a
switching power stage to produce an amplified PWM signal
having a constant frequency and amplitude, in which the input
signal 1s encoded 1n the duty cycle of the PWM signal. The
comparator input 1s the audio input signal superimposed with
a periodic carrier wavelorm with a frequency far above the
frequency range of interest in the input signal. For example, 1n
an audio amplifier, the frequency of the carrier waveform 1s
tar above the audible range (e.g. 200-800 kHz). This causes
the switching power stage to produce the PWM output signal
consisting of the amplified audio signal.

However, despite lowpass filtering such as with an LC filter
between the switching power stage and the load, some unde-
sirable high frequency carrier-related ripple will remain 1n the
signal. In order to reduce noise and distortion, the basic
modulator (1.e., open-loop comparator and switching power
stage) may be embedded 1n a feedback loop by inserting a
continuous-time loop filter network providing a high loop
gain 1n the audio-band in which high error suppression is
desired.

Even with the feedback loop and filtering, some undesir-
able high frequency carrier-related ripple will remain in the
signal. The minimum aliasing error (MAE) technique
employed by the loop filters disclosed herein shapes the feed-
back signal so that the impact of the high frequency ripple on
the linearity of the modulation 1s minimal. Thus rather than
attempting to filter all of the high frequency ripple out, the
phase response of the loop filter 1s tailored to minimize alias-
ing errors and shape the ripple 1n the loop filter signal as close
as possible to the ideal triangular wavetorm. (The rising and
falling slopes of the triangular waveform, 1n other words the
rise and fall time, vary based on the duty cycle.) The closer the
ripple 1s to the 1deal wavelorm, the lower the total harmonic
distortion (THD) 1n the PWM modulator. As will be described
in more detail below, the loop filters of the present invention
achieve MAE by minimizing or eliminating the real part of
the complex transier function at the switching frequency and
beyond by clamping the loop filter’s phase response to —90
deg—n*180 deg with n being an integer value. Both passive
and active loop filters with MAE will be described, although
it 1s particularly difficult to achieve the MAE property with an
active filter due to the limited open loop gain at high frequen-
cies of opamps. This limited open loop gain makes it difficult
to control the phase response of an active loop filter to obtain
a transfer with no real part. However, as will be described, by
careful placement of poles and zeros and a mixture of active
and passive poles and zeros, a loop filter that 1s at least
partially active having an MAE property may be achieved.

The loop filter in a PWM based amplifier 1s the transfer
function of the combined circuitry from feedback node(s) to
comparator input, that 1s the feedback path(s) and the forward
path of the feedback loop. When closing the loop with nega-
tive feedback the loop filter acts to suppress errors on the
teedback node(s) as well as to control the small signal transfer
function from amplifier mput to output, or Ifrequency
response.
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The PWM based amplifiers may have an LC output filter
for demodulation of the PWM output signal from the switch-
ing power stage. The feedback node to the loop filter can be
either before or after the L.C filter, or can be a combination of
the two. The LC filter has a transfer characteristic highly
dependant on the load, e.g., a speaker, connected to the output
of the amplifier. The LC filter also has a frequency dependant
output impedance, and 1t introduces distortion, primarily

from the inductor core, making inclusion of the LC filter
within the feedback loop desirable. However, including the
LC filter in the feedback loop 1mvolves a load dependant loop
function which 1s addressed 1n the design of the loop filter.

Turning now to FIGS. 1 and 2, various embodiments of a
passive loop filter with minimum aliasing error will be
described. The passive loop filters of these particular embodi-
ments each include two poles and one zero. Referring to FIG.
1A, one particular embodiment of a passive loop filter 10 with
MAE has a voltage output and includes two legs 12 and 14
connected 1n parallel between a main signal path 16 and
ground 18. Each of the two legs 12 and 14 include a capacitor
20 and 22, respectively, with the first leg 12 also including a
resistor 24 connected 1n series with the capacitor 20. A resis-
tor 26 1s connected in the main signal path 16 between the two
legs 12 and 14, and an mnput resistor 28 1s connected between
the input 30 of the passive loop filter 10 and the first leg 12. As
will be described below, the input resistor 28 may consist of
the parallel combination of three resistors 1n an adder of a
PWM amplifier. The output 32 of the passive loop filter 10 1s
a voltage output and 1s intended to be used with a high 1mped-
ance mput of a comparator. The selection of values for the
resistors and capacitors to obtain the desired placement of
poles and zeros 1n the passive loop filter 10 of FIG. 1A will be
described below.

Turning now to FI1G. 1B, another particular embodiment of
a passive loop filter 40 with MAE 1s 1llustrated in which the
two legs 42 and 44 are swapped with respect to the passive
loop filter 10 of FIG. 1A. The same transier function may be
achieved 1n the passive loop filters 10 and 40, although the
component values will be different as will be described
below. The two legs 42 and 44 are connected in parallel
between a main signal path 46 and ground 48. Each of the two
legs 42 and 44 include a capacitor 50 and 52, respectively,
with the second leg 42 also including a resistor 54 connected
in series with the capacitor 50. A resistor 36 1s connected 1n
the main signal path 46 between the two legs 42 and 44, and
an 1nput resistor 38 1s connected between the mput 60 of the
passive loop filter 40 and the first leg 44. Again, the input
resistor 58 may consist of the parallel combination of three
resistors in an adder of a PWM amplifier. The output 62 of the
passive loop filter 40 at the top of the second leg 42 15 a voltage
output and 1s intended to be used with a high impedance input
of a comparator.

Turning now to FIG. 2A, a current output passive loop filter
70 with MAE 1s illustrated in which two legs 72 and 74 are
connected 1n parallel between a main signal path 76 and
ground 78. Each of the two legs 72 and 74 include a capacitor
80 and 82, respectively, with the first leg 72 also including a
resistor 84 connected 1n series with the capacitor 80. A resis-
tor 86 1s connected in the main signal path 76 between the two
legs 72 and 74, and an mput resistor 88 1s connected between
the mput 90 of the passive loop filter 70 and the first leg 72.
Again, the mput resistor 58 may consist of the parallel com-
bination of three resistors in an adder of a PWM amplifier. An
output resistor 92 is connected between the second leg 74 and
the output 94. The output 94 of the passive loop filter 70 1s a
current output and 1s intended to be used with a low 1mped-
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6

ance mput of a comparator (or opamp) which appears as a
virtual ground to the passive loop filter 70.

Turming now to FIG. 2B, another particular embodiment of
a current output passive loop filter 100 with MAE 1s 1llus-
trated 1n which the two legs 102 and 104 are swapped with
respect to the passive loop filter 70 of FIG. 2A. The same
transier function may be achieved 1n the passive loop filters
70 and 100, although the component values will be different
as will be described below. The two legs 102 and 104 are
connected 1n parallel between a main signal path 106 and
ground 108. Each of the two legs 102 and 104 include a
capacitor 110 and 112, respectively, with the first leg 102 also
including a resistor 114 connected 1n series with the capacitor
110. A resistor 116 1s connected 1n the main signal path 106
between the two legs 102 and 104, and an input resistor 118 1s
connected between the input 120 of the passive loop filter 100
and the first leg 104. Again, the mnput resistor 118 may consist
of the parallel combination of three resistors 1n an adder of a
PWM amplifier. An output resistor 122 is connected between
the second leg 102 and the output 124. The output 124 of the
passive loop filter 100 1s a current output and 1s intended to be
used with a low impedance mput of a comparator which
appears as a virtual ground to the passive loop filter 100.

Turming now to FIG. 3, one particular embodiment of a
class D PWM-based amplifier 140 that may include a passive
loop filter 142 will be described. In this embodiment, the
passive loop filter 142 may be either a voltage or current
output loop filter such as those 1llustrated 1n FIG. 1A, 1B, 2A
or 2B. A clock input 144, signal input 146 and feedback signal
148 are combined 1n a sum+gain block or adder 150. The
clock mput 144 establishes the modulation frequency of the
PWM based amplifier 140, and the signal input 146 provides
the signal to be amplified by the PWM based amplifier 140.
For example, the signal input 146 may be an audio input to be
amplified, a motor control signal, etc. Note that the signal
input 146 1n thus and other embodiments described herein
may be an analog signal or another type of input signal such
as a PWM input signal to be amplified and demodulated. The
output 152 of the adder 150 1s connected to the passive loop
filter 142, which filters the output 152 of the adder 150 to
produce a carrier signal that approaches the ideal triangle
wave on the output 154 of the passive loop filter 142. The
carrier signal on the output 154 of the passive loop filter 142
1s connected to a comparator and switching power stage 156
which converts the triangle carrier signal from the passive
loop filter 142 1nto an amplified PWM si1gnal with a duty cycle
proportional to the amplitude of the mput signal 146. The
PWM signal on the output 158 of the comparator and switch-
ing power stage 156 may be fed mto an LC filter 160 to
demodulate the PWM signal before 1t reaches the output 162
for use by a speaker or other load. In effect, the LC filter 160
averages the voltage of the PWM signal over the on and off
time of each cycle to generate what can be considered a DC
voltage considered at the modulation or switching frequency
of the PWM based amplifier 140. In this particular embodi-
ment, the feedback signal 148 1s taken from the output 158 of
the comparator and switching power stage 156. Again, the
PWM based amplifier 140 illustrated in FIG. 3 may be used
with either voltage or current output loop filters as illustrated
in FIG. 1A, 1B, 2A or 2B.

Turming now to FIG. 4, another embodiment of a PWM
based amplifier 170 having a current output passive loop filter
172 will be described. This PWM based amplifier 170 uses a
current output passive loop filter 172 such as those 1llustrated
in FIGS. 2A and 2B. The input of a comparator and switching
power stage 174 i1s thus a low impedance virtual ground,
isolating the forward path and feedback network so their
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impedances will not affect each other. A clock input 176 and
signal input 178 are combined 1n the passive loop filter 172,
for example by simply connecting them together at the input
90 or 120 of the input resistor 88 or 118 in the passive loop
filter 172. A sum+gain block or adder 180 combines the
output 182 of the passive loop filter 172 with a feedback
signal 184, forming a carrier signal on the output 186 of the
adder 180. The carrier signal 1s provided to the comparator
and switching power stage 174, generating a PWM signal on
the output 188 of the comparator and switching power stage
174. The PWM signal may be filtered by an LC filter 190
betfore reaching the output 192 of the PWM based amplifier
170. Feedback may be taken from either or both of the output
188 of the comparator and switching power stage 174 or the
output 192 of the LC filter 190. A feedback filter 194 may be
included in the feedback path to perform feedback frequency
compensation to achieve the desired overall phase response
for MAE 1n the PWM based amplifier 170.

If the feedback 1s taken from the output 188 of the com-
parator and switching power stage 174 alone, the feedback
filter 194 has the same topology as the passive loop filter 172,
such as the passive loop filter 70 or 100 of FIGS. 2A and 2B.
I1 the feedback 1s taken from the output 192 of the LC filter
190, the feedback filter 194 has the topology illustrated 1n
FIG. 5. The different feedback filter 194 topology compen-
sates for the fact that the LC filter 190 adds a double pole to
the system, so instead of having a filter in the feedback path
consisting of two poles and a zero, the feedback filter 1s
changed to a topology with two zeros and a pole. If the
teedback 1s taken from both the output 188 of the comparator
and switching power stage 174 and the output 192 of the LC
filter 190, both feedback paths and filters described above are
provided. The feedback taken from the output 188 of the
comparator and switching power stage 174 alone will pass
through a feedback filter 194 having the same topology as the
passive loop filter 172, such as the passive loop filter 70 or 100
of FIGS. 2A and 2B. The feedback taken from the output 192
of the LC filter 190 will follow a parallel path through a
teedback filter 194 having the topology illustrated 1n FIG. 5.
The outputs of the two parallel feedback filter 194 will be
summed 1n the adder 180 with the output 182 of the passive
loop filter 172. Because the adder 180 1s a current summing
node as will be described 1n more detail below with respect to
FIG. 6B, 1t 1s a virtual ground, allowing multiple feedback
feeds to be connected 1n parallel.

Turning now to FIG. 5, a schematic diagram of one par-
ticular embodiment of the feedback filter 194 used in a PWM
based amplifier 170 with a current output passive loop filter
172 as 1n FIG. 4 will be described. The feedback filter 194
includes a 1" formed by a pair of series capacitors 200 and
202 connected between an mput 204 and output 206, with a
resistor 208 connected at one end to the node 210 between the
capacitors 200 and 202 and at the other end to ground 212.
Another resistor 214 1s connected between the input 204 and
output 206 1n parallel with the pair of series capacitors 200
and 202. The capacitor 202 nearest the mput 204 and the
resistor 208 to ground 212 form a highpass filter 216 with a
pole located at C 202*R 208. The capacitor 200 nearest the
output 206 and the parallel resistor 214 also form a combina-
tion 218 with a pole equal to the pole of highpass filter 216. To
ensure this placement of poles, the normalized values of the

resistors and capacitors 1n the feedback filter 194 are as fol-
lows: R 214=R, C 200=C 202=2C, and R 208=R/4, where R

and C form the pole at C 202*R 208.
Turning now to FIG. 6A, a schematic diagram of the con-
tents of the adder 150 of FIG. 3 will be described. The clock

input 144 1s connected to a resistor 230, the signal input 146
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1s connected to a resistor 232 and the feedback signal 148 1s
connected to a resistor 234, with the resistors 230, 232 and
234 connected in parallel to the output 152 of the adder 150.
Note that the resistors 230, 232 and 234 1n parallel form the
input resistor (e.g., 28, 58, 88 or 118) of the loop filter (e.g.,
10, 40, 70 or 100).

Turning now to FIG. 6B, a schematic diagram of the con-
tents of the adder 180 of FIG. 4 will be described. In the PWM

based amplifier 170 of FIG. 4, the passive loop filter 172 1s a

current output only, so the adder 180 has a low impedance
input node or a virtual ground. The adder 180 of FIG. 4 may
thus comprise a common node 240 to which the output 182 of
the passive loop filter 172, the feedback signal 184 and the
output 186 of the adder 180 are all connected.

Turming now to FIG. 7, a schematic diagram of the com-
parator and switching power stage 156 and 174 of FIGS. 3 and
4 1n one particular embodiment of the mvention will be
described. A comparator 250 1s used to generate a PWM
signal on the output 252 of the comparator 250 by comparing,
an input signal 254 on the mverting input of the comparator
250 with a reference signal 256 on the non-mverting input of
the comparator 250. The input signal 254 1s a triangle carrier
as generated by the passive loop filter 142 of FIG. 3, consist-
ing of a filtered combination of the clock input 144, the signal
input 146 and the feedback signal 148. In another embodi-
ment, the output 154 1s a triangle carrier from the output 186
of the adder 180 of FIG. 4, also consisting of a filtered com-
bination of the clock mput 176, the signal mnput 178 and the
teedback signal 184. The reference signal 256 may comprise
a constant reference voltage such as a ground 11 the PWM
based amplifier 140 or 170 uses a single ended switching
power stage 260 that switches between VDD and ground. In
another particular embodiment, the PWM based amplifier
140 or 170 may use a double ended switching power stage 1n
which two istances of the comparator and switching power
stage 156 or 174 are included, one switching between VDD
and ground and the other switching between ground and VSS,
for a combined rail to rail output that swings from VDD to
VSS. In this embodiment, the reference signal 256 supplied to
the non-inverting input of the comparator 250 in each
instance of the comparator and switching power stage 156 or
174 1s taken from the output of the other instance of the
comparator and switching power stage 156 or 174. The
switching power stage 260 in the comparator and switching
power stage 156 or 174 includes a totem pole of switches or
transistors 262 and 264 between VDD 266 and VSS 268 or
ground. The gates of the transistors 262 and 264 are con-
trolled by the output 252 of the comparator 250. The totem
pole of transistors 262 and 264 drive the output 270 between
VDD 266 and VSS 268 or ground under the control of the
comparator 250, forming the output 158 or 188 of the com-
parator and switching power stage 156 or 174. The switching
power stage 260 may comprise MOSFETS or any other suit-
able switch or transistor. In one particular embodiment, the
transistors 262 and 264 are n-channel MOSFETS, with an
iverter 272 connected to the gate of one of the transistors
(e.g., 264).

Note that the PWM amplifier described herein may use a
square wave clock signal that 1s combined with the input and
teedback signals as described herein, or may in another par-
ticular embodiment use a triangular carrier signal. If a trian-
gular carrier 1s used, 1t may either be summed with the output
from the loop filter in an adder (not shown) between the loop
filter and comparator, or it may be provided to the comparator
input not recerving the loop filter output, for example, as the
reference signal 256 provided to the non-inverting input of the
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comparator 250 of FIG. 7. In these particular embodiments
using a triangular carrier, the clock signal may be omatted.

The mmvention uses a very simple method of achieving
MAE properties in the loop filters, and includes configuring
the loop filter such that the transter function of the loop filter
has two poles and a single zero:

£l — 7

H{w) = — .
(2w — p1 (8w — p2)

Multiplying the numerator and the denominator with the
complex conjugate of the denominator, the MAE property
requirements are easily found:

B — 7

(p1p2 — W*) —iw(py + pa)

H(w) =

_ @ =2)[(p1p2 = ") +i(py + p2)]
(P12 — WD) + W2(p1 + p2)°

PP —(z+ p1 + p2)w* +i(w’ +z(py + p2) = p1 - P2)
W + (pf + p5lw? + (pi- p3)

Minimizing the real part of the numerator:

Re[H(w)]=min
g

(—z+p 1"?'2)012:0

I=pi1t+po

Obtaining the maximum open loop gain 1n the loop filter
depends on the placement of system poles relative to the
switching frequency. For a fixed frequency system using an
external clock 144 or 176, general stability criteria calls for a
maximum open loop bandwidth of 1/x of the switching fre-
quency. A plot of maximum loop gain for a PWM based
amplifier with a loop filter designed for minimum aliasing
error 1n shown 1n FIG. 8. The plot of FIG. 8 shows a highly
idealized response of the loop filter. The 1dealized response of
the loop filter has a flat gain 300 up to the frequency of the first
and dominant pole 302, followed by a first order rolloif 304
up to the frequency of the second pole 306. A second order
rollotl 308 follows up to the frequency of the zero 310,
tollowed again by a first order rolloff 312. The maximum low
frequency open loop gain may be achieved by maximizing the
middle term of the transfer function:

|H(0)| = 20lo

fi‘z] +401G€(%] + 20lo s

Fl

fsw]

The middle term may be maximized by maximizing the
spacing between the second pole 306 and the zero 310.
Because the frequency of the zero 310 equals the frequency of
the first pole 302 plus the frequency of the second pole 306
when designed for MAE, maximum loop gain 1s achieved
when the first and second poles 302 and 306 are at the same
frequency as a double pole. Identical values for the first and
second poles 302 and 306 may be difficult to achieve by
passive networks, but when designing with such passive net-
works placement of the poles are made as tight as possible.
The low frequency gain 1n one particular embodiment with a
lower pole frequency of 20 kHz and a switching frequency of
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400 kHz 1s about 20 dB, with a theoretical maximum of 28 dB
when the first and second poles 302 and 306 are at the same
frequency as a double pole.

Turning now to F1G. 9, the total harmonic distortion (THD)
for various relative frequency values of the two poles and the
zero are 1llustrated with normalized pole and zero frequen-
cies. FIG. 9 shows a plot of THD 1n percentage versus zero
frequency for a first normalized pole frequency of 1 showing
minimums for second normalized pole frequencies ranging
from 1 to 8. The zero frequency 1s plotted along the X axis 320
and THD 1s plotted on the Y axis 322. The best output signal
1s achieved when the THD 1s at a minimum. Thus, for the line
324 wherein the second pole 1s at 1, the minimum THD 1s
achieved when the zero 1s at 2, fulfilling the z=p1+p2 with the
values 2=1+1. For the line 326 wherein the second pole 1s at
2, the minimum THD 1s achieved when the zero 1s at 3,
tulfilling the z=p1 +p2 with the values 3=1+2. Note that in the
plot of FI1G. 9, the plot lines corresponding to the normalized
values for the frequency of the second pole increase by 1 for
cach minimum THD from left to right. Thus, line 324 1s at a
normalized second pole frequency of 1, line 326 1s at a nor-
malized second pole frequency of 2, up to line 328 at a
normalized second pole frequency of 8.

Turning back to FIG. 1A, the calculation of resistor and
capacitor values for the voltage output passive loop filter 10
will be discussed. In one particular embodiment, the resistors,
capacitors, poles and zero have the following normalized
values:

RO 28 =1
Rl 24=1
R226=72
Cl20=1
C222=1
1.0000
poles =
2.6180
zero = 3.6180

For the passive loop filter 10 of FIG. 1A, relationships
between the normalized values for the resistors, capacitors
and zero Irequencies are established by the following equa-
tions:

Rl=— R
R CLK R IN R FB
R2=2-Rl
Cl = :
- 2.7 fz-RIl
C2=Cl

For an exemplary audio input, the input signal may have a
frequency range interest from some lower frequency near 0
Hz to anupper frequency of 20kHz. The frequency of the zero
can be de-normalized by multiplying the normalized value of
3.6180 by the upper frequency of 20 kHz. The zero frequency
would therefore be 72.36 kHz, the first pole frequency would
be 20 kHz, and the second pole frequency would be 52.36
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kHz. The resulting de-normalized values for one particular
embodiment of the passive loop filter 10 of FIG. 1A are as
follows:

R1 24=10 k€2

R_CLK 230=26.1 k€2

R_IN 232=16.7 k&2

R_FB 234=540 k&2

R2 26=20 k€2

C1 20=220 pF

C2 22=220 pF

Note that the values given above for the resistors and
capacitors of the passive loop filter 10 of FIG. 1A are purely

exemplary and may be adapted as desired based on the per-
formance requirements of the application.

In one particular embodiment of the voltage output passive
loop filter 40 of FIG. 1B, the resistors, capacitors, poles and
zero may have the following normalized values:

RO 58=1
R1 54 =0.5616
R2 46 =2
Cl 52=1
C2 50=1
1.0000
poles =
5.9562
zero = 6.9562

In one particular embodiment of the current output passive
loop filter 70 of FIG. 2A, the resistors, capacitors, poles and
zero may have the following normalized values:

RO 88 =1
R1 84 = 0.6930
R2 86=72
Cl 80 =1
C282=1
1.0000
poles =
1.6352
zero = 2.6352

In one particular embodiment of the current output passive
loop filter 100 of FIG. 2B, the resistors, capacitors, poles and
zero may have the following normalized values:

RO 118 =1

R1 114 =04254
R2116=2

Cl 112=1

C2110=1

1.0000
poles =
2.0347

zero = 3.0347
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Turning now to FIG. 10, several embodiments of a PWM
based amplifier will be described. In the first of these embodi-
ments, a self-oscillating PWM based amplifier 350 having a
passive loop filter 352 will be described. This particular
embodiment of the self-oscillating PWM based amplifier 350
generally has the same topology as the PWM based amplifier
140 of FIG. 3, although other topologies may be adapted as
well to clockless self-oscillation. In the PWM based amplifi-
ers 140 and 170 1llustrated in FIGS. 3 and 4, the modulation
frequency 1s determined by the frequency of the input clock
144 and 176. In the self-oscillating PWM based amplifier
350, the clock input 1s replaced by a hysteresis window at the
input of the comparator and switching power stage 352 and/or
by a time delay element (not shown) added anywhere in the
self-oscillating PWM based amplifier 350, whether 1n the
forward path or the feedback loop. The self-oscillating PWM
based amplifier 350 will then switch as some frequency deter-
mined by the delay through the loop and the width of the
hysteresis window compared to the magnitude of the nipple
signal out of the loop filter 354. The output of the loop filter
354 is a triangle carrier signal as with previous embodiments.
If there 1s no delay 1n the system, then the switching speed of
the self-oscillating PWM based amplifier 350 may be deter-
mined by the relation between the magnitude of the output
signal from the loop filter 354 and the width of the hysteresis
window. A wider hysteresis window will reduce the switching
frequency and vice versa. Adding a delay will also reduce the
switching frequency.

The various embodiments of PWM based amplifiers
described above have generally included an analog input such
as an audio signal that 1s combined in the amplifier with a
teedback signal and a clock signal, except for the self-oscil-
lating embodiment which omits the clock signal. The PWM
based amplifier may also have a PWM 1nput signal rather than
an audio signal. Thus, turning again to FIG. 10, the mput
signal 356 may either be an analog input as discussed 1n other
embodiments or a PWM 1nput signal as 1n this particular
embodiment. The PWM 1nput signal may replace both the
analog iput and clock mput of various other embodiments
described above, because the PWM input signal may contain
both sets of information. For example, to adapt the embodi-
ments of FIG. 3 or FIG. 4 to a PWM mput signal, the analog
inputs 146 and 178 may be tied off or removed, and the PWM
input signal fed into the clock mnput 144 or 176.

Turming now to FIG. 11, another embodiment of a PWM
based amplifier 370 may use an active loop filter 372. The
PWM based amplifier 370 has two poles and a zero as with the
other embodiments discussed herein, with the first and domi-
nant pole placed near or above the upper frequency in the
frequency range of interest. In contrast, the dominant pole of
a typical integrator-based loop filter will have a much lower
frequency. For example, for use in amplifying an audio signal,
the first pole 1n the PWM based amplifier 370 may be placed
near or above 20 kHz. In contrast to a typical integrator used
in a loop filter, the low frequency loop gain of the active loop
filter 372 1s limited to some small gain such as about 20-30 dB
loop gain at low frequencies, preventing problems due to
clipping and unstable startup conditions. In combination with
the limited low frequency loop gain and the shaping of the
transfer function to comply with MAE properties gives a
combination of high stability, reduced startup and clipping
artifacts and a very linear modulation and thereby very high
performance. In the particular embodiment of a PWM based
amplifier 370 illustrated in FIG. 11, the zero and one pole 1s
passive, and one pole 1s active. However, any combination of
active and passive poles, zero and gain realizations may be
used to achieve the MAE properties and limited low fre-
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quency loop gain with an active loop filter 372 to obtain these
benefits. Therefore, the particular topology of the PWM
based amplifier 370 of FIG. 11 1s purely exemplary.

In conclusion, the present invention provides novel appa-
ratuses for filtering a signal, for example 1n a class D PWM
based amplifier, with minimum aliasing error, using both
passive and active loop filters. While detailed descriptions of
one or more embodiments of the invention have been given
above, various alternatives, modifications, and equivalents
will be apparent to those skilled in the art without varying
from the spirit of the invention. Theretfore, the above descrip-
tion should not be taken as limiting the scope of the invention,
which 1s defined by the appended claims.

What 1s claimed 1s:

1. An audio amplifier comprising:

a loop filter having a transier function with a real part being,
minimized at and above a switching frequency of the
audio amplifier, wherein the loop filter has a dominant
pole placed substantially at or above an upper frequency
in a range of input frequencies processed by the audio
amplifier;

an adder having;:

a first resistor that recerves a clock signal and that i1s
coupled to the loop filter;

a second resistor that recerves the input signal and that 1s
coupled to the loop filter; and

a third resistor that 1s receives the feedback signal and
that 1s coupled to the loop filter; and

an output stage that 1s coupled to the adder.

2. An audio amplifier comprising;

a loop filter having a transfer function with a real part being
minimized at and above a switching frequency of the
audio amplifier, wherein the loop filter has a dominant
pole placed substantially at or above an upper frequency
in a range of input frequencies processed by the audio
amplifier;

an adder that receives a feedback signal and that 1s coupled
to the loop filter, wherein at least one of the loop filter
and the adder receives an input signal; and

an output stage having:

a comparator that 1s coupled to at least one of the loop
filter and the adder; and

a switching power stage that 1s coupled to the compara-
tor.

3. The audio amplifier of claim 2, wherein the audio ampli-
fier further comprises a feedback filter that 1s coupled
between the switching power stage and the adder so as to
provide the feedback signal to the amplifier.

4. The audio amplifier of claim 3, wherein the adder further
comprises a node that 1s coupled to the loop filter, the feed-
back filter, and the comparator.
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5. The audio amplifier of claim 4, wherein the feedback
filter further comprises:

a first branch having a resistor; and

a second branch that 1s coupled substantially 1n parallel to
the first branch, wherein the second branch includes a

high-pass filter and a capacitor coupled 1n series with
one another.

6. An audio amplifier comprising:

a loop filter having a transfer function with a real part being
minimized at and above a switching frequency of the
audio amplifier, wherein the loop filter has a dominant
pole placed substantially at or above an upper frequency
in a range of input frequencies processed by the audio
amplifier, and wherein the loop filter includes:

a first resistor;

a first leg having a second resistor and a {irst capacitor
coupled 1n series with one another;

a third resistor; and

a second leg having a second capacitor, wherein the first
resistor, the first leg, the third resistor, and the second
leg are coupled 1n series with one another;

an adder that recerves a feedback signal and that 1s coupled
to the loop filter, wherein at least one of the loop filter
and the adder recetves an input signal; and

an output stage that 1s coupled to the adder.

7. The audio amplifier of claim 6, wherein the first resistor

1s coupled to the first leg, and wherein the first leg 1s coupled
to the third resistor, and wherein the third resistor 1s coupled

to the second leg.

8. The audio amplifier of claim 6, wherein the first resistor
1s coupled to the second leg, and wherein the first leg is
coupled to the third resistor, and wherein the third resistor 1s
coupled to the first leg.

9. The audio amplifier of claim 6, wherein the loop filter
turther comprises a fourth resist that 1s coupled in series with
the first resistor, the first leg, the third resistor, and the second
leg.

10. The audio amplifier of claim 9, wherein the first resistor
1s coupled to the first leg, and, wherein the first leg 1s coupled
to the third resistor, and wherein the third resistor 1s coupled
to the second leg, and wherein the second leg 1s coupled to the
fourth resistor.

11. The audio amplifier of claim 9, wherein the first resistor
1s coupled to the second leg, wherein the first leg 1s coupled to
the third resistor, and wherein the third resistor 1s coupled to
the first leg, and wherein the first leg 1s coupled to the fourth
resistor.
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